Introduction
The direct and indirect adverse effects caused by atmospheric pollution on the environment and human health necessitate the measurement and reporting of air quality on local, regional and global scales. The measurement and improvement of air quality in developed countries are considered a priority. In developing countries less emphasis is placed on environmental issues, because resources are mostly utilised for economic growth. South Africa is regarded as a developing country with elements of a developed country. Globally, southern Africa is a significant source region of atmospheric pollutants, for example a prominent NO 2 hotspot is seen on global maps of NO 2 satellite retrievals over the South African Highveld; based on 1990 statistics South Africa was the ninth highest atmospheric sulphur emitting country and biomass burning emissions from this region are known to have a global effect. 1, 2, 3 In the last decade, South African ambient air quality standards were revised 4 and are now similar to ambient air quality standards in developed countries. In addition, South African legislation makes provision for the identification and declaration of national air pollution priority areas. In these areas, South African ambient air quality standards are frequently exceeded, hence improvement is required. Two priority areas have thus far been declared: the Vaal Triangle Airshed Priority Area and the Highveld Priority Area. 5, 6 Major atmospheric pollutant point sources in these areas are petrochemical and metallurgic industries, as well as coal-fired power stations.
South Africa has the largest industrialised economy in Africa, with significant mining and metallurgical activities. A large fraction of the South African mineral assets is concentrated in the Bushveld Igneous Complex (BIC), which stretches across the North West, Gauteng, Mpumalanga and Limpopo Provinces (Figure 1 ). The BIC, which covers an area of 66 000 km 2 , holds more than 70% of the world's viable chrome resources, as well as large deposits of vanadium, cobalt, nickel, tin and copper. The BIC also produces 80% of the platinum group metals (PGMs) of the world. 7, 8, 9 Globally, platinum plays an important role in atmospheric pollutant mitigation, as it is used mainly in catalytic converters of vehicular exhaust systems.
The BIC is geographically subdivided into five limbs, of which the western limb is the most exploited and industrially developed. A recent study has suggested that the western BIC should also be declared an air pollution priority area. 10 However, because of a deficiency of past measurements in this area, very little baseline data exist. The abovementioned changes in South African ambient air quality legislation have forced local authorities to initiate measurements of ambient priority pollutants.
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South Africa has the largest industrialised economy in Africa, with significant mining and metallurgical activities. A large fraction of the South African mineral assets is concentrated in the Bushveld Igneous Complex (BIC), with the western limb being the most exploited. Because the majority of the world's platinum is produced in the BIC, this area is also of international interest. There are some indications that the western BIC should be considered an air pollution hotspot; however, inadequate data exist to substantiate these claims scientifically. To partially address this knowledge gap, a comprehensive air quality monitoring station was operated for more than 2 years in this area. Meteorological parameters, trace gas concentrations and total mass concentration of particulate matter up to 10 µm in size (PM 10 ) were measured. Compared with South African and European ambient air quality standards, SO 2 , NO 2 and CO concentrations were generally acceptable. The major sources of SO 2 were identified as high-stack industry emissions, while household combustion from semi-formal and informal settlements was identified as the predominant source of NO 2 and CO. In contrast, O 3 exceeded the 8-h moving average more than 322 times per year. The main contributing factor was identified to be the influx of regional air masses, with high O 3 precursor concentrations. PM 10 exceeded the current South African 24-h standard 6.6 times per year, the future (2015) standard 42.3 times per year and the European standard more than 120 times per year. The main source of PM 10 was identified as household combustion from semi-formal and informal settlements. The findings clearly indicate that atmospheric O 3 and PM 10 levels in the western BIC need to be addressed to avoid negative environmental and human health impacts.
Problems associated with the development of these monitoring networks, capacity limitations and the lack of quality assurance procedures make it difficult to evaluate the quality of data. Most of these data sets are also not available in the public domain, nor has much been published in the peer-reviewed realm. Some data are available from air quality management plans that have been compiled by certain municipalities in the western BIC region. 11 However, considering the global importance of this area (e.g. as a supplier of PGMs utilised in automotive catalytic converters and as the dominant chromium supplying region), there certainly is a need for more peer-reviewed studies published in the public domain on the air quality of the western BIC. In contrast, numerous studies have been conducted and published for the Vaal Triangle Airshed and Highveld Priority Areas. 12, 13, 14 To at least partially address this knowledge gap, a comprehensive air quality monitoring station was operated for more than 2 years in the western BIC. Here, we present an air quality assessment of criteria pollutants.
Measurement location and methods

Site description
Measurements were conducted at Marikana (25.69845 S, 27.48056 E, 1170 m above mean sea level), which is a small village situated approximately 35 km east of Rustenburg, in the North West Province of South Africa. The site was situated in a residential area on the property of the Marikana Municipal clinic, which provided access to an electrical supply and also ensured the safekeeping of equipment. There were no mining and/or industrial activities within a 1 km radius of the site. The closest surroundings included semi-formal (government-built housing developments, mostly with some form of informal housing additions by the occupants) and informal (self-erected, sometimes unauthorised, mostly without municipal services) settlements, a formal residential area with a service station and shops, as well as tarred and untarred roads serving the communities in this area. In Figure 1 , the location of the sampling site is shown on a geographical map of South Africa, together with a satellite image obtained from Google Earth.
Geographically, Marikana is almost in the centre (east to west) of the southern section of the western BIC, south of the Pilanesberg crater. The western BIC is well known as a highly industrialised area with numerous mining and metallurgical operations. Some of the mining and metallurgical operations in this area include PGM mining and metallurgical operations, associated base metal refineries, chromite mining and ferrochrome smelting operations, as well as ferrovanadium and vanadium pentoxide production. The major point sources, that is, pyrometallurgical smelters, are indicated in Figure 1 . The heights of the stacks emitting offgases into the atmosphere at these industries vary depending on the specific industrial activity. 11 Apart from these obvious large point sources, other potential sources of air pollutants from the mining and metallurgical industries include windblown dust from slimes or tailings dams, landfills, haul roads used by mining and large transport vehicles, and fugitive emissions.
Because of the lure of employment in the abovementioned sectors, the western BIC is frequented by residents of formal settlements (larger cities and towns, such as Rustenburg and Brits), as well as semi-formal and informal settlements. Incomplete combustion of coal and wood in ineffective appliances for household heating and cooking are common occurrences in the semi-formal and informal settlement sector. The Johannesburg-Pretoria megacity conurbation (with more than 10 million people) may also influence the area, because the central business districts of Pretoria and Johannesburg are approximately 74 km to the east and 80 km to the south-east, respectively ( Figure 1 ).
Traffic volumes in the area are relatively high, as a consequence of the large amounts of raw materials being transported for mining and metallurgical operations by road. Because of an ineffective public transport system in South Africa, private vehicle use is also high. Various tarred and untarred roads cross the western BIC, and the N4 national highway between Pretoria and Rustenburg passes the measurement site approximately 5.9 km to the south (Figure 1 ).
In the areas not affected by industrial activities or human settlements, farming activities are still practised. Rainfall in the area is relatively low and it is regarded as a semi-arid region. Most of the farming activities are associated with grazing, cash crop production (e.g. maize) or game farming. Some citrus and vegetable cultivation also takes place, as the area is almost frost free during winter. Although the site is almost completely surrounded by anthropogenic activities, a less anthropogenically affected area occurs towards the south of the N4 highway.
Sampling methods
Measurements were conducted for the sampling period from 08 February 2008 to 17 May 2010 and were only interrupted when power failures occurred and instruments were serviced or calibrated.
The instruments were placed inside a Eurowagon 4500u measurement trailer (length 4.5 m, width 2.1 m, height 2.3 m, weight 2500 kg). More detailed descriptions of the measurement trailer, data analysis and calibration methods were given in other papers. 15, 16, 17 Basic meteorological parameters were measured using a Rotronic MP 101A (Rotronic, New York, USA) for temperature and relative humidity data collection, while a Vector W200P and a Vector A101ML (Vector, Rhyl, UK) were used for wind speed and direction, respectively. A LiCor LI-190SB (Campbell Scientific, Logan, UT, USA) measured the photosynthetic photon flux density, from which global radiation was calculated and a Thies 5. The measurement station was visited once a week for maintenance, as well as for other ad-hoc procedures as required. All the instruments were connected to a master PC that was linked to a general packet radio service (GPRS) modem that sent measurement and diagnostic data to a server on a daily basis. The downloaded data were visually inspected a few times per week for quality assurance. If irregularities were found, additional site visits were arranged and corrective actions taken as required. An electronic diary, recording all site visits and actions taken, was also kept.
The measurement data from the site were visualised and corrected with a fit-for-purpose MATLAB 18 program set. Based on diary entries, periods of uncertain data quality (e.g. during power failures or recovery periods after power failures and during calibrations or when maintenance was undertaken) were automatically eliminated. The data were then corrected based on calibrations (zero and span), as well as flow checks. Finally, the data were visualised and manually checked. The conversion of measured gaseous mixing ratio (in parts per billion by volume, ppbv) to µg/m³ was conducted at standard temperature and pressure (0 °C and 101.3 kPa). All particle concentrations were also converted to standard temperature and pressure conditions.
Overlay back trajectories
Individual hourly back trajectories with an arrival height of 100 m were calculated with HYSPLIT 4.820. 19 The duration of each back trajectory was taken as 96 h. An arrival height of 100 m was chosen because the orography in HYSPLIT is not very well defined, therefore lower arrival heights could result in increased error margins on individual trajectory calculations. Considering the above, 24 hourly back trajectories for each day were obtained for the entire sampling period. Individual back trajectories generated in HYSPLIT (24 x 365 days) were superimposed and further analysed in MATLAB. 14 In the overlay back trajectory graph compiled with MATLAB, a colour code indicates the percentage of trajectories passing over 0.2° x 0.2° grid cells, with red being the highest percentage.
Results
Meteorological characterisation
Average diurnal seasonal patterns for the major meteorological parameters -global radiation, relative humidity, temperature, wind speed, wind direction and precipitation -measured during the entire sampling period are presented in Figure 2 . Additionally, the overlay back trajectory graph for trajectories arriving at the measurement site for the entire sampling period is presented in Figure 3 . In Figure 3 , the areas indicated in red have the highest frequency of air mass movement towards the measurement site, while the black lines are contour time lines that indicate the average trajectory position in each direction from the site at a given time. Meteorological parameters, as presented in Figure 2 , indicate only the local meteorological influences on the measurements conducted. However, the possible regional influences of meteorological circulation patterns are better indicated by overlay back trajectories, as presented in Figure 3 . The significance of both the locally measured meteorological parameters, as well as the regional circulation pattern, will be discussed within the context of the air quality assessment data presented in subsequent paragraphs.
Air quality assessment
In Table 1 , the experimental data obtained during the sampling period are compared to current South African and European air quality standards. The South African legislation is the benchmark against which measurements should be Winter: June, July, August; spring: September, October, November; summer: December, January, February; autumn: March, April, May. In subsequent paragraphs, each individual pollutant is discussed in terms of legislative implication, observed patterns (e.g. diurnal and seasonal) and possible sources. The exceedances presented in Table 1 1, 20, 21 It is known that the PGM industry in this area has relatively high SO 2 
emissions because it utilises
The areas indicated in red have the highest frequency of air mass movement towards the measurement site, while the black lines are contour time lines that indicate the average trajectory position in each direction from the site at a given time. 
Concentrations of gaseous species are presented in ppbv (µg/m 3 ), while PM 10 levels are presented in µg/m 3 . *, Average calculated over sampling campaign. n/a (not applicable), no standards exist.
sulphite ore 8 which generates substantial SO 2 emissions. High-stack SO 2 emissions can accumulate between two inversion layers during the night; the SO 2 is then released after the break-up of the inversion layers in the morning, resulting in an SO 2 peak at ground level. The higher SO 2 concentration peak observed during winter can be ascribed to the formation and persistence of the inversion layers being more pronounced in winter. 1, 20, 21 Further proof that the single diurnal SO 2 peak can be related to the trapping and release of pollution from high stacks is indicated by the timing of the peaks during the different seasons. The persistence of the inversion layers in winter is indicated by the winter SO 2 peak occurring somewhat later compared to other seasons. In Figure 4b , the diurnal trend for SO 2 is presented for each day of the week, as calculated for the entire sampling period. It is clear that the same SO 2 trend is observed every day of the week. This pattern again confirms that SO 2 originates mainly from metallurgical industrial sources, because these smelters are operated continuously. Higher SO 2 concentrations in the winter can also, at least partially, be ascribed to additional SO 2 from regional recirculation of pollutants, especially during the dry winter months. 21 These additional, non-local sources also only manifest at ground level after the break-up of the low-level inversion layers in the morning.
In an effort to correlate the measurements with specific sources or source sectors in the western BIC, pollution roses were compiled for all the species measured ( Figure 5 ). In addition to the pollution roses for the entire sampling period (black), pollution roses for the period between 12:00 and 16:00 (red) were compiled. During this time of day (12:00-16:00), the atmosphere is expected to be relatively well mixed, making it possible to correlate measured pollutant concentrations with wind direction. The 12:00-16:00 SO 2 pollution rose (red) shows a dominance of sources from the west-north-west to the north-north-west, as well as the east-north-east to the south-east sectors. As indicated in Figure 1 , the southern section of the western BIC (south of the Pilanesberg crater) and the associated placement of pyrometallurgical smelters have a greater spatial expanse from east to west than from north to south. Additionally, the smelters west of Marikana are placed mostly on a south-east to north-west line. The shape of the 12:00-16:00 SO 2 pollution rose (red) mimics this south-east to north-west placement of the smelters, again confirming that SO 2 originates primarily from the high-stack emissions.
NO 2 assessment
A 1-h standard and an annual standard are prescribed for NO 2 ambient concentrations according to South African and European legislations. No exceedances of NO 2 standards were observed (Table 1) . The mean 1-h average for the entire sampling period was 8.5 ppbv (15.9 µg/m³), with a maximum of 63.9 ppbv (120.9 µg/m³), which is below the 106 ppbv (200 µg/m³) standard. The maximum annual concentration was 9.4 ppbv (17.7 µg/m³), which was also below the 21 ppbv (40 µg/m³) legislated level.
The diurnal seasonal trends for NO 2 are shown in Figure 6a . NO 2 concentrations showed two distinctive peaks irrespective of the season. The first peak occurred between 06:00 and 10:00 and the second peak between 17:00 and 22:00. Possible sources of NO 2 in this region include vehicular emissions, household combustion and pyrometallurgical smelters. The two diurnal NO 2 peaks are characteristic of urban areas dominated by traffic emissions of NO 2 , with NO 2 levels peaking in the early mornings and late afternoons during peak traffic hours. 22 Traffic volumes are lower over weekends (Saturday and Sunday), which would be reflected by the onsite NO 2 measurements, if traffic was the main source of NO 2 . However, an investigation of separate average daily NO 2 diurnal cycles for each day of the week for the entire sampling period indicated that only Sundays had somewhat lower NO 2 concentrations (Figure 6b ). If traffic emissions were the main source of NO 2 at the measurement site, these diurnal peaks would most likely be less pronounced on both Saturdays and Sundays. Additionally, the N4 highway is directly to the south of the site, which does not correlate with the dominant source regions indicated by the pollution rose measured from 12:00 to 16:00 for the entire sampling period (Figure 5b ). Therefore, it seems unlikely that vehicular emissions are the predominant source of NO 2 at this site.
The diurnal NO 2 peaks (Figure 6a ) are most likely associated with household combustion (cooking and space heating), which shows the same peak periods (morning and later afternoon into the evening) as traffic emissions. The more pronounced second diurnal NO 2 peak in winter indicates that household combustion is most likely the principal source of NO 2 at this site. During winter, there is an increase in space heating practices, especially during the night. The seasonal variation observed in the diurnal trend, that is, an increase from summer to winter, can be attributed to the increased use of space heating during colder periods, compounded by the formation of low-level inversion layers during the colder months, which trap low-level emissions. The lower diurnal NO 2 cycle observed for Sundays (Figure 6b ) can most likely be attributed to the fact that most people start their day later on Sundays, which results in reduced and delayed early morning space heating and cooking activities.
Other combustion processes in this area, such as pyrometallurgical smelters, may also have contributed to the observed NO 2 levels. However, it is evident that high-stack emissions from industries are not the main source of NO 2 . If this was the case, NO 2 would have peaked after the morning break-up of the low-level inversion layers, as was observed for SO 2 . Such a situation was observed by Collett et al. 13 , who reported that NO 2 peaked after the break-up of the low-level inversion layers in the morning, as a result of the dominance of NO 2 high-stack emissions from coal-fired power stations in the Highveld Priority Area.
O 3 assessment
According to South African and European standards, O 3 has only an 8-h moving average concentration standard of 61 ppbv (120 µg/m³). South African legislation allows 11 tolerable exceedances per year, while the European standards The diurnal seasonal trends for O 3 are presented in Figure 7a . As expected, O 3 depicts a peak during the daytime, as O 3 formation is dependent on solar radiation. In Figure  2a , the diurnal seasonal global radiation measured during the sampling period is shown. Solar radiation peaked at approximately 13:00, preceeding the O 3 peak that occurred between 14:00 and 16:00.
The diurnal seasonal patterns of O 3 (Figure 7a ) indicate that the highest O 3 concentrations occurred during spring. This seasonal trend was also observed in recent measurements in the interior of South Africa. 14, 23, 24 O 3 is a secondary pollutant and the conversion of O 3 precursors occurs during air transport from source regions. The hourly 96-h overlay back trajectories for Marikana (Figure 3 ) indicate that the Highveld Priority Area, with its high NO 2 levels, 13 is on the dominant anti-cyclonic regional recirculation path of Marikana. This finding partially explains the regular exceedances of O 3 standards. Additionally, the higher O 3 levels observed during spring can also be explained by regional CO patterns. Laakso et al. 15 found CO at Botsalano (Figure 3 ), 175 km westnorth-west from Marikana, also on the anti-cyclonic regional recirculation path of Marikana, peaked during spring.
Higher CO concentrations during spring are most likely associated with regional biomass burning events in southern Africa. From the meteorological parameters measured, it is clear that the temperatures in spring are almost as high as in summer (Figure 2c ), while the humidity is almost as low as that in winter (Figure 2b ). Spring is also the windiest period (Figure 2d) , and high wind is conducive to biomass burning. As expected, the daily O 3 pattern (Figure 7b ) was similar for all days of the week and the wind rose for O 3 (Figure 5c ) is not indicative of any specific sources in the western BIC.
CO assessment
The maximum measured 1-h average concentration for CO was 1910 ppbv (2200 µg/m³), which did not exceed the South African standard of 26 000 ppbv (30 000 µg/m³). The mean 1-h average concentration was 230 ppbv (270 µg/m³) for the entire sampling period. The 8-h moving average (calculated from 1-h averages) had a maximum of 880 ppbv (1020 µg/m³), which did not exceed the 8700 ppbv (10 000 µg/m³) South African and European standard.
The diurnal seasonal patterns for CO concentrations are shown in Figure 8a . Similarly to NO 2 , CO peaked between 06:00 and 10:00, as well as between 17:00 and 22:00. If highstack emissions from pyrometallurgical smelters were the dominant contributor to CO levels, a single peak in the morning after the break-up of the low-level inversion layers would have been observed (similar to SO 2 ). Furthermore, if regional biomass combustion was the main contributor to CO, a single mid-morning peak after the break-up of the inversion layers would have been observed. The diurnal CO peaks correspond with typical periods for household combustion, which is also verified by the more pronounced second diurnal CO peak (between 17:00 and 22:00) in winter when space heating is mostly applied. This pattern is also confirmed by similar diurnal seasonal patterns observed for BC. BC is also associated with CO from household combustion emissions. BC also exhibited bimodal diurnal peaks, with the second peak being more pronounced in winter. Additionally, there was an inverse correlation between monthly average CO concentrations and monthly average temperatureslower temperatures result in greater household combustion, which consequently leads to higher CO levels.
Particulate matter assessment
The current South African and European 24-h average standards for particulate matter up to 10 µm in size (PM 10 The PM 10 diurnal seasonal cycle had a peak between 06:00 and 10:00, as well as a second peak between 17:00 and 22:00 (Figure 9a ). This bimodal pattern correlates with the NO 2 , CO and BC patterns, indicating that the most likely source for atmospheric PM 10 , at this specific sampling site, was household combustion. The PM 10 diurnal trend for each day of the week is presented in Figure 9b . This trend is also similar to the patterns observed for NO 2 , CO and BC, again confirming household combustion for cooking and space heating as the major source.
Conclusions
By comparing the results obtained during this investigation with South African and European air quality standards, it is evident that SO 2 , NO 2 and CO concentrations at this site in the western BIC are generally acceptable. Considering the number of potential large point sources of these species in this area, the aforementioned results were somewhat unexpected. These results are, however, good when considering human health and environmental impacts. Although no significant exceedances were recorded for SO 2 , NO 2 and CO, the major contributing sources could be identified as high-stack industry emissions for SO 2 , and household combustion for NO 2 and CO.
In contrast, O 3 and PM 10 frequently exceeded standards. O 3 exceeded the 8-h moving average standard of 61 ppbv more than 322 times per year. The main contributing factor was identified to be regional sources, with high O 3 precursor species concentrations. This problem can only be addressed by reducing the regional sources of O 3 precursors (e.g. CO and NO 2 ). Currently, vast areas of southern Africa are annually burned during the dry season, producing high levels of O 3 precursors, while low-income households rely heavily on coal and wood combustion for cooking and space heating. The vehicular fleet in South Africa is relatively old and public transport is not readily available. Additionally, almost no large industries currently remove NO x , notwithstanding that South Africa is well known for its NO 2 hotspot over the Highveld Priority Area. In order to address the regional O 3 problem, government needs to address the abovementioned issues. this site was identified as local household combustion. This problem can only be rectified by socio-economic upliftment of low-income groups. The problem of household-produced pollutants is pronounced from a health point of view as the population is directly exposed to the highest concentrations during their everyday activities. Therefore, in addition to the reduction of industrial emissions that are targeted by current South African legislation, measures to reduce emissions from domestic burning would need to take place for the current PM pollution situation to be improved.
